Dark CO2 fixation in Gladiolus X gandavensis Van Houtte cormels increases during the break of dormancy by low-temperature storage or by cytokinins. The in vitro activties of phosphoenolpyruvate carboxylase and phosphoenolpyruvate carboxykinase in preparations from dormant and nondormant cormels were compared with dark fixation rates in vivo. The distribution of '4C-label in the carboxylation products in dormant, nondormant, water-imbibed, and benzyladenine-and abscisic acid-treated cormels was compared by pulse-chase experments. Dormant cormels have more label in malate and less in citrate and amino acids. Malate utilization in dormant cormels is slower than in noadormant ones. Citrate and glutamine accumulate in dormant cormels in inactive pools. Benzyladenine induces in dormant cormels changes similar to cold storage. Dark fixation is among the first reactions which are activated during the break of dormancy by both benzyl adenine and cold storage.
An increase in the rate of dark CO2 fixation during the break of dormancy of gladiolus cormels was reported earlier (4) . Cytokinins and AbA, the hormones involved in the regulation of dormancy in gladiolus (3), were also found to affect dark CO2 fixation. The present studies characterize the carboxylating enzymes responsible for dark CO2 fixation in gladiolus and follow the fate of the reaction products. The method adopted for labeling the cormels allows uptake of 14CO2 by the physiological mechanisms operating under natural conditions, and does not alter their state of dormancy. It is therefore possible to use the present data for a comparative screening of metabolic changes in the cormels during the break of dormancy. A comparison of the metabolic changes induced by BA and by AbA with those induced during the natural process of dormancy breaking by low temperature allows further characterization of the role of these hormones in the regulation of dormancy.
The presence of CO2 under nonphotosynthetic conditions was found to be necessary for the germination of Streptomyces spores (9) and Avenafatua seeds (7) . Numerous observations were made on the promotion of growth of excised plant tissues by the supply of bicarbonate or, alternatively, a suitable tricarboxylic acid cycle acid in the growth medium (1, 18, 19) . Bacterial mutants lacking PEP2 carboxylase also require malate for growth (13) . In the present paper an attempt is made to assess the endogenous function of dark CO2 fixation in preparation for cormel germination. 1 Contribution from the Agricultural Research Organization, The Volcani Center, Bet Dagan, Israel 50200, 1981 Series No. 1 16E.
2Abbreviations: PEP, phosphoenolpyruvic acid; OAA, oxalacetic acid; MDH, malic dehydrogenase.
MATERIALS AND METHODS Plant Material. Summer crop cormels of Gladiolus X gandavensis Van Houtte cv. Eurovision were obtained from Avshalom Nurseries, Israel. The cormels were harvested dormant in August 1979, and stored at 25 C, a temperature which maintains dormancy for at least 2 years. Cormels were transferred to 5 C for various lengths of time, to study the effect of low temperature on changes in metabolism which are associated with the break of dormancy. Germination tests were carried out regularly according to Ginzburg (3). Cormel viability was tested by germinating cormels in Petri dishes in 10-' M BA at 25 C. Viability was above 90%Yo.
Labeling and Extraction. Batches of cormels, 2.5 g fresh weight after removal of the covering scales, were used directly, or preincubated in 10 ml of water or hormone solutions in 9-cm Petri dishes at 25 C. The cormels were incubated in 1'CO2 in 80-ml boiling flasks into which test tubes with ground glass edges and two openings-one into the flask and one to the exterior-were fitted. A solution of ['4C]NaHCO3 (Amersham, 60 mCi/mmol), 10 to 100 ,Ci in 0.5 ml of water, was pipetted into the test tube. The test tube was sealed with a serological rubber stopper and 0.5 ml of 50%o H2SO4 (v/v) was injected through the stopper. The cormels were incubated at 25 C for 6 or 16 h. The incubation was terminated by opening the flasks in a hood. During chase treatments the cormels were kept in the same flasks in the hood at 25 C.
The cormels were ground twice in 20 ml of 80%1o ethanol and then twice in 20 ml of 40%o ethanol, in a Sorvall Omnimixer at full speed for 2 min. The nonsoluble material was precipitated after each grinding in a Sorvall centrifuge equipped with an SS-34 rotor at 15,000 rpm for 10 min. The supernatant fluids were combined and reduced to a small volume at 40 C under reduced pressure, using a Buchi flash evaporator. The precipitate was extracted by grinding twice for 2 min in 20 ml 0.1 N NaOH to obtain the NaOH-soluble fraction. The nonsoluble fraction was collected in 20 ml of water. Radioactivity was determined by liquid scintillation in Aquasol (New England Nuclear).
Separation of the Ethanol-Soluble Fraction. This fraction was further fractionated by ion-exchange and TLC following Ginz MDH, 1 unit; enzyme preparation, 1 ml; in a total volume of 2 ml. The assay included "blank" samples in which PEP was omitted.
The reactions were terminated by addition of 0.5 ml glacial acetic acid.
Variation. The major sources of variation in tests ofgermination and in the rate of dark CO2 fixation were found to be the commercial origin and harvest date of cormel stocks. Stocks which varied in their rate of dark fixation still maintained the difference between dormant and nondormant cormels in the rate of dark fixation within the same stock. As an efficient measure to avoid variation, experiments were repeated at least three times at close dates using the same cormel stock.
RESULTS
The in vitro activities of PEP carboxylase and PEP carboxykinase were determined in preparations ofdormant and nondormant cormels ( Fig. 1, A reaction, and less than 10%1o in the PEP carboxykinase reaction. In the experiments shown in Figure 2 , A and B, the amount of the enzyme preparation in the reaction mix was varied. It is evident from Figure 2 that the rates of both carboxylation reactions were linear with the amount of the enzyme preparation. Table II . Since the carboxylation reaction was carried out in a closed flask, and the respiration rate of nondormant cormels is three times higher than that of dormant ones, the apparent 14C uptake data should be corrected according to Ginzburg (4) to calculate the true uptake. This correction is not necessary for the comparison of the data of the distribution of label. One to 2% of the label was found in the nonsoluble fraction, consisting of polysaccharides. The 0.1 N NaOH-soluble fraction is heterogeneous in composition: it includes proteins, nucleic acids, some polysaccharides, and bound small molecules. Seventy % of this fraction is precipitated by cold 6% TCA (w/v). Most of the label is ethanol-soluble. The major labeled compounds in dormant as well as in nondormant cormels Each point represents the average of three determinations minus blank. 16-h pulse period. The decrease in label in the acidic amino acids between 6 and 16 h was faster in the nondormant cormels.
The decrease in radioactivity in the cormels during the chase period reflects a loss of CO2 by decarboxylation or by respiration.
Label is lost more rapidly by the nondormant cormels. The pattern of 14C loss (Fig. 3) Figure 4 shows the change in radioactivity during the chase in citrate, malate, glutamate, aspartate, glutamine, and proline in dormant and in cold-treated cormels. Figure 4 days. The effect of imbibition on the rate of dark fixation is shown in Table III . In summary, imbibition in water promoted dark fixation by nondormant cormels but had little effect on dormant ones. BA promoted dark fixation in both dormant and nondormant cormels and AbA inhibited dark fixation. The effect of AbA was less pronounced than that of BA. The data in Table III complement earlier data (4) . AbA had little effect on the distribution of label in dark fixation products in dormant cormels, and BA did not affect this distribution in nondormant cormels (data not presented). Table IV shows the effect of AbA on the fate of "4CO2 in nondormant cormels. More label was found in malate, and less in other organic acids. Some of the data about the effect of BA on the distribution of label in dormant cormels are incorporated in Figure 4 and discussed above.
Changes in the Distribution of Label in Dark Fixation Metabolites During Cold Storage. Such changes were followed as shown in Figure 5 . The first detectable change was a decrease in the relative amount of label in aspartate between the beginning of the cold treatment and week 3. A gradual increase in label in citrate and in the NaOH-soluble fraction began at the 6th week. Also plotted in Figure 5 is a curve showing the increase in dark fixation with time of cold storage. The correlation between dark fixation and germination rate is presented in an earlier paper (4).
DISCUSSION
These studies were initiated with the aim of screening for possible metabolic differences between dormant and nondormant cormels. This was done using methods that did not alter the physiological state of the cormels and in a way that provides an overall view of the changes in pathways that became labeled.
Differences in the distribution of label may be caused by differences in pool sizes, compartmentation, or reaction rates. Lips
and Beevers (14) demonstrated in maize roots the existence of at least two pools of malic acid. One, presumably the mitochondrial pool, is directly accessible to respiration, and the other(s) not. Malate produced from bicarbonate through PEP carboxylation was preferentially channeled via the "inactive" pool. Figure 3 shows that an important fraction of the dark fixation products in cormels is not directly available for respiration. The sequestered label is found mostly in citrate, proline, and glutamine (Table II) .
The magnitude of citrate accumulation in dormant cormels can be accounted for only by assuming that malate is a major precursor of citrate.
Carbon originating from PEP carboxylation is metabolized through a fairly similar pathway by both dormant and nondormant cormels, although nondormant cormels metabolize it at a faster rate (Fig. 4) .
A comparison of the effects of low temperature storage, BA, and AbA on the metabolism of CO2 in cormels contributes to our understanding of the action of these hormones in the regulation of dormancy. The involvement of AbA in the endogenous regulation of dormancy was inferred to a large extent from correlations found in some species but not in others (16) , between the endogenous content of the hormone and the state of dormancy. In cormels it is found that AbA inhibits dark fixation and the metabolism of malate in nondormant cormels, but not in dormant ones, where its endogenous level is higher (3). BA promotes dark CO2 fixation to the same extent as cold treatment, and induces metabolic changes similar to cold treatment with respect to the utilization of malate, citrate, and glutamine and the accumulation of proline (Fig. 4) . This also indicates that the accumulation of proline is not a stress response to low temperature.
Dark CO2 fixation was found to be essential for germination in several cases and to induce growth in numerous systems. Hirsch and Ensign (9, 10) reported that spore germination of the fungus Streptomyces viridochromogenes is arrested at an early stage in C02-free air unless the germination medium is supplemented with bicarbonate or a suitable tricarboxylic acid cycle acid. Hart and Berrie (7) found that 3% CO2 in the atmosphere abolishes the inhibition of A. fatua seed germination by light. The growth of various types of excised plant tissues-roots (18, 19) , carrot disks (18) , and Avena coleoptiles (1) , is promoted by supplementing the medium with bicarbonate or a suitable acid. Johnson and Rayle (11) found that fusicoccin and IAA promote dark fixation in Avena coleoptiles. The IAA effect is observed after an incubation period of 2 h and, therefore, cannot account for the rapid response to the hormone. This occurs, however, early enough to support subsequent extension growth.
The early activation of dark CO2 fixation during the dormancy breaking cold treatment as well as its early activation by BA suggest that this pathway may play a role early in the chain of metabolic events leading to germination. Kornberg (13) suggested that this pathway provides carbon skeletons to replenish organic acid pools which are consumed by anabolic processes. This concept was supported in plant tissues by the demonstration (6) that ammonia induces PEP carboxylase in Papaver cell cultures. However, the low rate of PEP carboxylation (2% of the respiration rate) in cormels as well as in other nonphotosynthetic plant tissues makes it difficult to ascribe to this pathway a major general role in the production of carbon skeletons. Dark fixation may also constitute part of a pH regulating mechanism (2, 17) which may, in turn, induce changes in membrane permeability and enzymic reactions. The PEP carboxylase reaction has the potential of modifying the concentration of PEP in the tissue. PEP is a potent effector of phosphofructokinase in plants (12) .
